Merkel cell carcinoma (MCC) is an aggressive skin cancer entity that frequently leads to rapid death due to its high propensity to metastasize. The etiology of most MCC cases is linked to Merkel cell polyomavirus (MCPyV), a virus which is monoclonally integrated in up to 95% of tumors. While there are presently no animal models to study the role of authentic MCPyV infection on transformation, tumorigenesis or metastasis formation, xenograft mouse models employing engrafted MCC-derived cell lines (MCCL) represent a promising approach to study certain aspects of MCC pathogenesis. Here, the two MCPyV-positive MCC cell lines WaGa and MKL-1 were subcutaneously engrafted in scid mice. Engraftment of both MCC cell lines resulted in the appearance of circulating tumor cells and metastasis formation, with WaGa-engrafted mice showing a significantly shorter survival time as well as increased numbers of spontaneous lung metastases compared to MKL-1 mice. Interestingly, explanted tumors compared to parental cell lines exhibit an upregulation of MCPyV sT-Antigen expression in all tumors, with WaGa tumors showing significantly higher sT-Antigen expression than MKL-1 tumors. RNA-Seq analysis of explanted tumors and parental cell lines furthermore revealed that in the more aggressive WaGa tumors, genes involved in inflammatory response, growth factor activity and Wnt signalling pathway are significantly upregulated, suggesting that sT-Antigen is the driver of the observed differences in metastasis formation.
Merkel cell carcinoma (MCC) is an aggressive skin cancer entity that frequently leads to rapid death due to its high propensity to metastasize. The etiology of most MCC cases is linked to Merkel cell polyomavirus (MCPyV), a virus which is monoclonally integrated in up to 95% of tumors. While there are presently no animal models to study the role of authentic MCPyV infection on transformation, tumorigenesis or metastasis formation, xenograft mouse models employing engrafted MCC-derived cell lines (MCCL) represent a promising approach to study certain aspects of MCC pathogenesis. Here, the two MCPyV-positive MCC cell lines WaGa and MKL-1 were subcutaneously engrafted in scid mice. Engraftment of both MCC cell lines resulted in the appearance of circulating tumor cells and metastasis formation, with WaGa-engrafted mice showing a significantly shorter survival time as well as increased numbers of spontaneous lung metastases compared to MKL-1 mice. Interestingly, explanted tumors compared to parental cell lines exhibit an upregulation of MCPyV sT-Antigen expression in all tumors, with WaGa tumors showing significantly higher sT-Antigen expression than MKL-1 tumors. RNA-Seq analysis of explanted tumors and parental cell lines furthermore revealed that in the more aggressive WaGa tumors, genes involved in inflammatory response, growth factor activity and Wnt signalling pathway are significantly upregulated, suggesting that sT-Antigen is the driver of the observed differences in metastasis formation.
Merkel cell carcinoma (MCC) is a rare neuroendocrine tumor of the skin which clinically presents with an early onset of local and distant metastases due to its very aggressive nature. 1, 2 Merkel cell polyomavirus (MCPyV), a highly prevalent human polyomavirus [1] [2] [3] is associated with up to 95% of all MCCs. 4 A number of observations suggest that the virus is causally linked to MCC tumorigenesis. For example, viral sequences are monoclonally integrated into the tumor cell genome of all MCPyV-positive cases, 5 primary tumor and metastasis of the same patient show identical integration sites and expression of the early viral proteins large T-Antigen, LT, and small T-Antigen, sT, can be detected in tumor tissue. 6, 7 Furthermore, all LT sequences recovered from primary MCC tumors or MCC cell lines (MCCLs) harbour signature mutations resulting in the expression of shortened LTs (LT trunc ). These truncation products always retain the retinoblastoma protein (Rb) binding motif, but lack the C-terminal region that is required for viral replication. [8] [9] [10] [11] Recently, we and others also demonstrated that LT trunc proteins exhibit a very high binding affinity for Rb, are expressed at high levels and are able to partially re-localize Rb to the cytoplasm, suggesting additional properties of the tumor derived LT trunc compared to the wild-type protein and the importance of Rb binding in MCC tumorigenesis. 8, 10, 12, 13 Targeted high throughput sequencing performed on MCC primary tumors revealed that virus positive tumors carry only few genetic mutations whereas MCPyV-negative cases exhibit a high mutation rate with frequent mutations in RB1, TP53, NOTCH and genes of the PI3K and MAPK pathway, thus high-lighting the importance of the viral oncoproteins during MCC pathogenesis. below) is available, much attention has been focused on the in vitro and in vivo study of MCCLs. Although a number of MCCL have been established in the past, such lines are often difficult to grow in vitro, 9 and only a few cell lines which efficiently grow without addition of advanced supplementary reagents or feeder cells are available. [17] [18] [19] Among these, MKL-1 and WaGa cells have been intensively studied with regard to virus positivity, viral protein expression and induction of tumors in xenograft mouse models. 5, 17, 18 In both cell lines, suppression of T-Antigen expression results in cell cycle arrest and subsequent apoptosis, 13 thus demonstrating that the tumor cells are addicted to the expression of viral oncogenes. Recent studies focussing on the oncogenic potential of MCPyV early gene products could show that combined expression of LT trunc and sT, as well as expression of sT alone can transform epithelial cells in vivo. [20] [21] [22] Despite epithelial transformation, however, formation of lesions resembling MCC (or expression of MCC specific markers) was not observed, suggesting that somatic mutations might contribute to MCC development, or that the epithelial cell background may generally not allow recapitulation of MCC pathogenesis. 23 Hence, although these transgenic mouse models clearly demonstrate the oncogenic potential of MCPyV early genes, they are less suited to study the more specific properties of MCC, in particular with regard to metastasis formation.
In order to advance the understanding of MCCs pathogenesis and develop new treatment strategies for the metastatic stage of the tumor, it is important to develop well-characterized, spontaneously metastasing xenograft mouse model. Here, we show that WaGa and MKL-1 cells are well suited MCCLs to study metastasis formation of MCC tumors in a xenograft scid mouse model system, and furthermore provide first evidence that sT may be one of the major drivers of MCC metastasis.
Material and Methods

Animals
The animals used in this experiment were 12-week-old SCID mice (CB17/Icr-Prkdc scid /IcrIcoCrl, Charles River). The mice were housed under specific pathogen free conditions in individually ventilated cages (IVC-Rack, Techniplast, Germany) according to the animal guidelines. Experiments were performed according to the national and international guidelines for care and use of experimental animals. The experiments were supervised by the institutional animal welfare officer and approved by the local licensing authority (Beh€ orde f€ ur Soziales, Familie, Gesundheit, Verbraucherschutz; Amt f€ ur Gesundheit und Verbraucherschutz; Billstr. 80, D-20539 Hamburg, Germany) under the project approval No 28/10.
Tumor cell lines and xenograft experiments
Cells of the MCPyV-positive MCCLs WaGa 13, 18 and MKL-1 19 were grown in RPMI 1640 (GIBCO) supplemented with 10% fetal calf serum, 100 U/mL penicillin and 0.1 mg/mL streptomycin. Before injection into the mice, cells were tested to be free of mycoplasma, counted and checked to be vital by using a Cell-Counter and Casy Analyzer System (Sch€ arfe-Systeme, Reutlingen, Germany). Ten female SCID mice were used per cell line. Each mouse received an injection with 1 3 10 6 tumor cells suspended in 200 mL RPMI 1640 subcutaneously between the scapulae. The mice were sacrificed when they had reached the termination criteria, e.g. the tumors started to ulcerate or the tumor burden added >20% to the initial body weight or significant weight loss was observed. Mice were sacrificed in deep general anesthesia and blood was drawn by cardiac puncture. We followed the guidelines for the welfare and use in animals in cancer research as published earlier. 24 After cervical dislocation primary tumors and bones were halved and fixed. The lungs were excised en bloc followed by fixation. The femora were flushed with buffer to obtain bone marrow.
DNA isolation from mouse lungs
The right lung was cut into two pieces. One piece was immersed in 80 mL PBS buffer and homogenized in a ball mill (Tissue lyser LT, Qiagen, Germany), the other piece was cryogenically frozen. The Qiagen Mini Kit was used according to the manufacturers instruction. DNA concentration was measured by Nano Drop.
DNA isolation from blood, bone marrow or cell lines
Murine blood was collected by cardiocentesis and bone marrow was sampled by flushing the femora diaphyses with NaCl 0.09%. Genomic DNA was isolated from 200 lL mouse blood, bone marrow suspension or established cell lines using commercial DNA isolation kits (QIAamp DNA Blood Mini Kit; Qiagen) thereby following the manufacturer's instructions.
Protein extraction from tumor tissue
Tumor tissue was homogenized on ice using RIPA buffer (50 mM TRIS pH7. sodium deoxylcholate, 0.1% SDS, 1 mM EDTA, 10 mM NaF) followed by sonification for 1 min (10 sec intervals) at a power of 180 watts on ice. After centrifugation, the supernatant was used for standard western blotting. MCPyV LT expression was determined by rabbit polyclonal serum raised against truncated LT-protein and sT protein (serum was used at 1:20,000 in 5% TBS milk). Alternatively commercially available Cm2B4 mouse monoclonal antibody, was used at 1:1,000 dilution (Santa Cruz). 10 
Cellular fractionation
Subcellular fractionation and subsequent western blot analysis was performed as recently described. RNA extraction, RNA library preparation and highthroughput sequencing
Total RNA of explanted tumors and parental cell lines was isolated using the RNeasy extraction kit (Qiagen, Germany) according to manufacturer's instructions. mRNA was extracted using the NEBNext Poly(A) mRNA Magnetic Isolation module (New England Biolabs; NEB). RNA-Seq libraries were generated using the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB) according to manufacturer's instructions. Size and quality of the libraries were assessed using a BioAnalyzer High Sensitivity Chip (Agilent). Diluted libraries were multiplex-sequenced on the Illumina HiSeq 2500 instrument (SR 50) with 40 to 60 million reads per sample. Reads were aligned to the human reference assembly (GRCh38.97) and quantified using STAR. 25 Based on these counts, statistical analysis of differential expression was carried out with DESeq2. 26 
Statistics
Graph Pad Prism (San Diego, CA) was used for statistical calculations. To detect statistically significant differences between values an unpaired t test was performed, differences were considered significant at p < 0.05. To show the linear regression between the results gained by histological examination and PCR, the coefficient of determination r 2 was calculated.
Histology and immunohistochemistry
Serial sections of the tumors and lungs (5 mm thickness) were prepared and H & E stained. The number of metastases was counted in ten H & E stained sections from the middle of the lung slices block and corrected for the total number of slides as described before. 27 The sections were deparaffinized with xylene and rehydrated through a series of graded ethanol. For antigen retrieval, the sections were immersed in 0.2 M boracic acid and incubated in water bath at 858C for 15 h for Ki-67, incubated in citrate buffer pH 6.0 for 15 min for CK20.
To reduce the background staining, the sections were covered with normal rabbit serum before overnight incubation at 48C with antibodies to Ki-67 (Dako, Denmark), CK 20 (Abcam, ab76126) diluted in Antibody diluent (Dako, Denmark). Isotype matched antibodies were applied in the same concentration as the corresponding primary antibodies. For LT-Antigen expression we applied a polyclonal rabbit serum (1:500) specifically recognizing MCPyV LT and sT antigen. The commercial Cm2B4 antibody was not used in immunohistochemistry experiments since it shows low binding affinity to LT-Antigen in general and background staining, against infiltrated lymphocytes.
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Sections were washed three times for 5 min in TBS 0.5% Tween. The sections were incubated with the alkaline phosphatase streptavidin complex (VectastainV R ABC-Kit, Vector Laboratories, Burlingame) in a humid chamber for 30 min. After three rinses (5 min each) in TBS, sections were transferred into the visualizing mixture containing naphthol-asbiphosphate, hexatosized new fuchsine, dimethylformamide, and tween 20 (Sigma-Aldrich, Germany) and applied in the dark for 20 min. The sections were washed in running tap water (7 min) and transferred in distilled water (2 min).
Counterstaining was performed using Mayers hemalum (Merck, Germany). The sections were dehydrated and subsequently covered using a resinous permanent mounting medium (Eukitt, Kindler GmbH, Germany). After TBS washing, staining was visualized using the ABC Kit Vectastain (Vector Lab) with alkaline phosphatase as chromogen.
FISH analysis
FISH analysis was performed as recently published. 28 
Real-time PCR
In order to detect disseminated human tumor cells in the blood, tumor cell DNA was quantified using human specific Alu sequences. 29 qPCR and melting curve analyses were carried out with the LightCycler 480 1.5. Sixty nanograms of DNA was used as template in LightCycler Fast Start DNA MasterPlus SYBRGreen Master Mix (Roche Diagnostics GmbH, Mannheim, Germany) together with 20 pmol Alu primers: F primer 5'-TGG CTC ACG CCT GTA ATC CCA-3' and R primer 5'-GCC ACT ACG CCC GGC TAA TTT-3'. Amplification was performed under the following conditions: 10 min at 958C, followed by 50 cycles of 5 s at 958C, 5 s at 678C, and 20 s at 728C. Quantification of disseminated tumor cells in mouse blood was based on a standard curve using mouse blood spiked with cell culture grown WaGa or MKL-1 cells, respectively. The dilutions ranged from 1 to 106 cells/ mL.
MCPyV genome copy numbers per cell were determined by real-time PCR as recently published. 30 Reverse transcriptase quantitative PCR was performed to confirm individual gene transcripts differentially expressed in tumor versus cell culture. Reverse transcription (RT) was performed using 5 mg of total RNA as a template for Superscript III enzyme (Invitrogen) in the presence of a random 6mer primer. cDNA was diluted 1:5 and 1 ml per sample was analyzed by real-time PCR on the Rotor-Gene Q 5plex (Qiagen) using the Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher) and the primer pairs and PCR conditions listed in Supporting Information Table S7 . Human HPRT and TBP were used as housekeeping genes for normalization. Analysis of real-time PCR experiments was carried out with Rotor-Gene Q software (Qiagen).
Results
MCPyV FISH analysis and LT-antigen expression pattern in MCCLs
The two MCCLs WaGa and MKL-1 cells have been studied extensively in the past. 5, 17, 18, 31 Viral copy numbers have been found to be generally higher in WaGa cells, although the absolute numbers vary between individual reports. 5 In accord with these studies, our own qPCR analysis established average viral copy numbers at 2.5 (60.32) and 0.9 (60.2) copies per cell in WaGa and MKL-1 cells, respectively (data not shown).
We further analyzed MKL-1 and WaGa cells for MCPyV status using FISH technology (Supporting Information Fig.  S1A ). We clearly observed one signal per cell in MKL-1 cells, confirming previous reports on integration of concatameric MCPyV sequence in this cell line. 5 Interestingly, however, two signals per nucleus were consistently detected in WaGa cells (Supporting Information Fig. 1A ). Although it remains to be determined whether both of these loci also contain concatemeric MCPyV genomes, our RNA-Seq analysis (see below) did not find evidence for sequence polymorphisms of viral sequences. This finding is in accordance with previous reports of a single truncating mutation in the LT ORF studies [8] [9] [10] 32, 33 and suggests that the FISH signals reflect duplication of a broader chromosomal region harboring the original viral integration site.
With regard to viral protein expression, while a previous study found that WaGa cells express higher levels of LTantigen than MKL-1, 18 this finding was not confirmed by others. 5 In Supporting Information Figure 1B , we present a Western Blot analysis of fractionated cell extracts from MKL-1, WaGa and MCPyV-negative UISO cells to investigate LTexpression and subcellular localization. In agreement with our previous finding that MCC-derived LTs can differ significantly in their subcellular localization, 8 we find that the bulk of the WaGa LT trunc protein localizes to the cytoplasm in cells, whereas MKL-1 cells exhibit a more equal distribution between nuclear and cytoplasmic compartments. However, overall protein expression levels did not significantly differ between the two cell lines.
MCCLs subcutaneously injected in scid mice show significant differences in tumor growth rates Scid mice inoculated with WaGa cells had to be euthanized after 49 to 93 days due to accelerated weight loss. WaGa mice showed a tumor weight of 0.05 g to 2.61 g. Two mice had to be excluded from further analysis: one mouse died during the inoculation process and in one mouse the tumor cells did not engraft.
According to a Kaplan-Meier analysis, the survival rates in the two mouse populations were significantly different at p < 0.0001 (log-rank test) (Fig. 1) .
Immunohistochemical characterization and real-time PCR analysis of xenografted primary tumors MCC cell line primary tumors in scid mice were immunohistochemically analyzed for CK20, a highly specific marker for 
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MCC used in routine histopathology to distinguish MCCs from other small round blue cell tumors. [34] [35] [36] All MKL-1 tumors showed typical perinuclear dot-like positivity for CK-20 and PAN-CK with some (approximately 30%) cells showing more accentuated perinuclear staining. Similar results were obtained for tumors derived from WaGa engrafted animals (data not shown).
To stain for LT expression a polyclonal rabbit serum recognizing both LT and sT was used in immunohistochemistry (Fig. 2a) and immunoblotting (Fig. 2b) . All investigated tumors as well as the parental cell lines showed high level expression of LT trunc (Fig. 2b, top panel) . In addition, immunoblotting confirmed the differences in premature stop codon position in the two cell lines: while MKL-1 cells express a slightly larger form of LT trunc (330 amino acids, aa), LT trunc encoded by Waga cells consists of only 278 aa. Interestingly, while there was no significant variability in LT trunc expression among the MCCLs and primary xenograft tumors (Fig. 2b , top panel), sT expression patterns were remarkably different. As shown in the center panel of Figure 2b , both parental MCC cell lines as well as MKL-1 tumors displayed only moderate levels of sT. However, WaGa cell derived primary tumors exhibited substantially elevated sT levels (Fig. 2b,  lanes 5-8) . Interestingly, the mice bearing the WaGa tumors demonstrated very high numbers of spontaneous metastasis within the lung ( Table 1) .
The primary MKL-1 and WaGa xenograft tumors were stained with Ki 67 antibody to label the proliferating cells. 
MCC xenograft mouse models develop metastases in a cell line specific manner
We performed histological examination to establish the number of metastases in the lungs of transplanted mice, and additionally determined tumor cell counts in lung, blood and bone marrow by qPCR for human Alu sequences-as human Alu sequences are generally used as a surrogate marker for metastasis formation in xenograft mouse models. Interestingly, the decreased survival time of mice transplanted with WaGa cells correlated with a significantly increased number of lung metastases (mean counts 12,145 in WaGa vs. 2,014 in MKL-1 cells, p 5 0.0015; see Fig. 3a and Table 1 ). Likewise, mean tumor cell counts in the lung were significantly higher in WaGa compared to MKL-1 cells (67,950 and 16,069, respectively), whereas there was no significant difference in the number of circulating or disseminated tumor cells (CTC) in blood or bone marrow (Fig. 3b and Table 1) .
Furthermore, genomic DNA isolated from primary tumor tissue, blood, bone marrow and lung tissue was analyzed by real-time PCR for the presence of MCPyV genomes (Fig. 3c) .
We confirmed the presence of MCPyV sequences in all primary tumors from MKL-1 and WaGa mice, with WaGa tumors displaying slightly higher copy numbers per cell supporting our FISH data (Fig. 3d) .
Differential gene expression in WaGa and MKL-1 tumors
Tumors explanted from mice and the corresponding parental cell lines MKL-1 and WaGa were analyzed by whole transcriptome shotgun sequencing (RNA-Seq). For the analysis of WaGa tumors, we pooled RNA extracted from two tumors (283-2 and 266-1). For MKL-1 tumors, due to high degradation of the RNA we analyzed RNA from a single tumor (302-1). To identify genes which generally undergo differential regulation in primary MCCL-derived tumors, we treated the two parental MCCLs and the two WaGa/MKL-1 tumor samples as individual replicates and analyzed the datasets using STAR 25 and DESeq2. 26 Genes (1,199) were found to be differentially expressed in explanted tumors compared to the parental cell lines, with 764 genes being significantly up-and 435 genes being significantly downregulated (Supporting Information Tables S1 and S2). Gene Ontology (GO) analysis of the upregulated genes revealed cellular pathways involved in tumorgenesis and metastasis formation, e.g. cell proliferation, extracellular matrix organization, locomotion, angiogenesis and TGFb signalling ( Table 2, Supporting Information  Table S3 ). GO analysis of the downregulated genes indicated and overrepresentation of genes involved in locomotion, cell differentiation, secretion and cell morphogenesis ( Table 2 , Supporting Information Table S4 ).
Genes of the Wnt signalling pathway are significantly upregulated in the high metastasis WaGa scid xenograft model
To investigate the potential molecular mechanism underlying the differences in metastatic behavior between the implanted cell lines, RNA-Seq data were analyzed by comparing gene expression of WaGa tumors to MKL-1 tumors. Only genes which had registered as being differentially expressed between tumors and parental cell lines in our prior analysis were considered for further analysis. Since this experiment has not been performed in replicates, furthermore only genes with a minimum of four-fold change were considered as differentially expressed (Supporting Information Tables S5 and S6) .
As shown in Supporting Information Table S5 , according to this analysis, WaGa primary tumors exhibited 244 significantly upregulated and 181 significantly downregulated genes compared to the MKL-1 primary tumor. To further evaluate the potential biological implications of our observations, we investigated GO annotations to identify functional categories enriched among genes that were classified as differentially expressed in the highly metastatic WaGa tumors (Supporting Information Figs. S3 and S4) . Expression of individual genes observed by RNASeq experiments was confirmed by RTqPCR (Supporting Information Fig. S5 ). In general, the differentially expressed genes tend to be annotated within 
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pathways that fit well with metastasis formation, such as growth factor activity and the Wnt signalling pathway (Table  3) .
Discussion
The aim of this investigation was to establish a spontaneous metastatic mouse xenograft model for MCC in scid mice by using two well-established human MCCLs, namely WaGa and MKL-1 cells. A significant difference in the mean survival time (62 and 108 days, respectively) between the mice engrafted with these two MCCLs could be shown, with WaGa mice exhibiting severe weight loss probably due to rapid tumor spread. According to histological evaluation as well as quantification of tumor cell numbers by qPCR, mice inoculated with WaGa cells also showed significantly more metastases in the lung. The fact that the number of spontaneous lung metastases in the WaGa-transplanted animals was higher despite the overall shorter growth period indicates that metastasis formation is not a mere function of time in these models. In the WaGa mice, the results obtained by histological and qPCR evaluation were highly congruent among individual animals (factor 4.2-8.2, r 2 5 0.76). The MKL-1 engrafted mice displayed higher variation (factor 0.1-23.6, r 2 is 0.72), presumably due to the smaller number of metastases.
In agreement with the differences in metastatic activity, we also observed that WaGa tumors displayed slightly (albeit not statistically significant) higher numbers of Ki-67 positive cells when compared to MKL-1 tumors, even though proliferation rates between the two cell lines did not significantly differ in vitro (data not shown). Collectively, the above findings suggest a correlation between tumor growth and metastatic spread to the lung and a correlation between the volume of lung metastases and the survival of the mice. For both cell lines, we could also show dissemination of tumor cells in blood and bone marrow. Detection of CTCs has been shown to be of prognostic value, e.g. in breast, 37 gastric cancer, 38 and squamous cell carcinoma of the oral cavity 39 in humans. Recently, a study including 15 MCC patients with regional nodal disease demonstrated a statistically significant correlation of CTCs with survival rates: CTC negative patients had 80% disease survival for 2 years versus 29% of CTC positive patients. 40 In our animal model, however, no correlation between the quantity of CTCs found in blood or bone marrow and survival could be established (although not statistically significant, MKL-1 mice also showed slightly higher mean number of CTCs compared to WaGa mice). Explanation for the observed differences could be the low case numbers of patients with regional nodal disease included in the patient study. In addition, the study focused on progression of disease with multiple blood drawings in the patients over time. Contrary to this, our experiments were conducted with material from end point of the experiments.
MKL-1 and WaGa cells have been used in xenograft mouse models before. 13, 31, 41, 42 In these studies WaGa cells did not show any metastasis formation while with MKL-1 cells liver metastasis formation was observed in 10% of all animals. 31 A potential explanation for the differences between these and our studies is that, while previous studies used NOD scid mice (which lack mature B-, T-, and natural killer cells) or NOD scid gamma mice (which are additionally deficient for cytokine signalling), the scid mice used in this study still produce NK cells and are competent for cytokine signalling. Furthermore, in our experiments significantly fewer cells per animal (5-to 20-fold less) were injected, tumors arose later and mice were kept for >3 months if they had not to be euthanized because of enlarged tumor growth.
While the precise molecular mechanisms responsible for increased metastasis formation by WaGa cells remain to be established, we made a number of interesting observations which may offer promising leads for future studies. With regard to viral gene expression, we did not observe significant differences in LT trunc expression levels, and the differences in tumor spread and metastasis are thus unlikely to be a mere consequence of different viral copy numbers in the two cell lines. However, MKL-1 and WaGa cells showed an obvious difference in subcellular localization of LT trunc , with WaGa cells exhibiting almost exclusive cytoplasmic staining, whereas the protein was more evenly distributed between the nucleus and the cytoplasm in MKL-1 cells. Due to differences in the position of the mutation within the early region of MCPyV in these two cell lines, only MKL-1 LT trunc encompasses the experimentally identified nuclear localization sequence (NLS) aa 277 to 280 43 and the predicted NLS aa 299 to 307 8 while
WaGa LT trunc is deficient of these NLS motifs. We have recently demonstrated that MCC derived LT trunc tightly binds the retinoblastoma protein Rb, which can result in sequestering of Rb to the cytoplasm. 8 We speculate that other LTbinding partners may also be sequestered in the cytosol, and increased cytoplasmic localization may thus contribute to functional differences between LT trunc proteins of WaGa and MKL-1 cells.
In addition, we observed that primary tumors in WaGaengrafted mice showed significantly higher sT expression, not only when compared to tumors in MKL-1 engrafted mice, but also compared to either of the two parental MCCLs.
Whether this upregulation is the result of in vivo selection or involves a more direct influence on sT gene activity remains to be established. In either case, the fact that high level sT expression correlated with high metastatic activity is of particular interest, given that a number of studies have suggested an important role of sT during MCC pathogenesis. For example, MCPyV sT expression alone has transforming potential in rodent cells in vitro 11, 44 as well as in transgenic mice, 22 and transgenic expression of MCPyV sT in epithelial cells results in altered differentiation increased proliferation and higher rates of apoptosis. 20 It has also been shown that sT is required for continuous cell proliferation of at least some MCCLs in vitro, 45 although it is currently unclear to what extend these findings can be generalized. 46, 47 Furthermore, in accord with our hypothesis that sT might contribute to metastasis formation, Knight and colleagues demonstrated 
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Knips et al. Our RNA-Seq experiments furthermore suggest that genes differentially expressed in WaGa tumors and MKL-1 tumors functionally cluster in signalling pathways well-fitting with spontaneous metastasis formation, including growth factor signalling and the Wnt signalling pathway. The latter pathway is implicated in the development of various types of neoplasm, and very recent data on immune escape mechanisms of melanoma cells provides strong evidence that the wnt/bcatenin signalling pathway prevents the formation of an Tcell infiltrated tumor microenvironment. 49, 50 Interestingly, a previous publication on SV40 sT overexpression and differential gene expression analysis demonstrated that several components of the Wnt signalling pathway are upregulated upon SV40 sT expression. 51 Considering recent reports that MCPyV positive MCC rarely contain cancer driving mutations [14] [15] [16] together with in vitro studies indicating transforming potential of the MCPyV sT protein 20, 22, 52 we hence hypothesize that MCPyV sT protein might be the molecular driver of metastasis formation in our scid mouse model, a hypothesis which will have to be directly addressed in subsequent studies.
In addition to genes differentially regulated between primary WaGa and MKL-1 tumors, we observe that in both tumor entities, genes involved in the interleukin and JAK/ STAT signalling pathway, including the IL4 receptor (IL4R), STAT5A and STAT6, are significantly upregulated when compared to the parental MCCLs. The JAK/STAT cascade is a principal signal transduction pathway in cytokine and growth factor signalling, regulating cellular processes such as proliferation, differentiation, migration and survival. Deregulated JAK/STAT signalling is a driving force in the pathogenesis of many cancers. Similarly, IL4R de-regulation (described for several epithelial cancers) is a strong promoter of prometastatic phenotypes affecting migration, invasion and proliferation. 53, 54 Thus, disruption of IL4R and the JAK/STAT signalling pathway could provide novel targets for the therapy of metastatic MCC. Overall we show that WaGa and MKL-1 cells engrafted in scid mice are a valuable model to study MCC metastasis formation and tumor progression. These xenograft mouse models can significantly contribute in the identification and characterization of inhibitors of MCC metastasis formation and tumor progression. The xenograft mouse model with spontaneous metastasis formation will be highly useful to decipher the role of MCPyV sT in MCC progression.
